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Regulation of acid-base transporters by reactive oxygen species following mitochondrial fragmentation 23) , and apoptosis (16) . The contribution of mitochondrial fusion to human health is underscored by the fact that mutation in the Mfn2 and Opa1 genes has been identified as the genetic cause of Charcot-Marie-Tooth syndrome type 2A (CMT2A) and autosomal dominant optic atrophy (ADOA), respectively (13, 58) . Despite knowing the genetic determinants of these diseases, how their loss contributes to pathophysiological output is an evolving question. Homozygous null mutation of these genes in mammals is lethal, but recently, a nematode model has been established that allows the in vivo study of how reduced mitochondrial fusion influences organismal and cellular physiology (26) .
In the nematode Caenorhabditis elegans, mitochondrial fusion is controlled by the inner mitochondrial membrane GTPase EAT-3 (OPA1) and the outer mitochondrial membrane GTPase FZO-1 (MFN1/2) (28). We have previously demonstrated that chronic fragmentation of the mitochondrial network causes intracellular acidification in both C. elegans and mammalian cells (26) . Moreover, we reported that the loss of outer mitochondrial membrane (OMM) fusion results in lactic acidosis, whereas the loss of inner mitochondrial membrane (IMM) fusion occurs independently of lactic acidosis but can be suppressed by treatment with the antioxidant compound N-acetylcysteine (NAC). This is consistent with a heightened sensitivity to the oxidant paraquat (28) and demonstrable oxidation of the mitochondrial matrix in these worms (26) , leading to the hypothesis that oxidative signaling may underlie acidification following loss of IMM fusion.
Maintaining intracellular pH homeostasis is undoubtedly complex. Although both metabolism and environment are contributing factors, pH balance is generally determined by the activity of membrane transport proteins that carry acid-base equivalents. Several studies have established the ability of reactive oxygen species (ROS) such as H 2 O 2 and t-butyl hydroperoxide (tBOOH) to affect mammalian acid-base transporters both acutely and chronically (1, 11, 29, 33) . In particular, acute treatment with H 2 O 2 following the imposition of an acid-load inhibits the activity of the ubiquitous sodium-proton exchanger NHE1, leading to cellular acidification and eventually death (1, 29, 33) . However, the mechanisms through which this occurs are still under investigation. Na ϩ /H ϩ exchangers are only one facet of a complex homeostatic system that is required to maintain physiological intracellular pH (pH i ). Other classes of membrane transport proteins, in particular those permeable to bicarbonate, comprise another facet. These include the sodium-bicarbonate transporters (NBC) and chloride-bicarbonate exchangers (AE). Both of these classes of proteins have been shown to be sensitive to oxidative stress in mammalian systems (5, 12, 41, 46) , and their activities may respond to mitochondrial damage (30) . Yet, to date, the relationships between mitochondrial dynamics, oxidative stress, and pH homeostasis have not been explored.
Here, both C. elegans and mammalian cell culture models were used to test the hypothesis that ROS acts as a molecular trigger to induce the acidification observed in animals and cells lacking IMM fusion. Our results support the conclusion that ROS signaling in fragmented mitochondria acts through the modification of membrane acid-base transporter activities, mainly that of Na ϩ /H ϩ exchangers, leading to cellular acidosis.
MATERIALS AND METHODS
Strains and plasmid constructs. Standard culture techniques were used to maintain nematodes at 20°C on normal growth medium-agar plates (8) . For imaging studies, the worms were transferred to plates with agarose substituted for agar to reduce background fluorescence. The wild-type strain is Bristol N2. All of the mutants described in this work have been back-crossed to N2 Bristol at least three times before use. The nhx-4(ok668) strain was created by the C. elegans Gene Knockout Consortium. The eat-3(tm1107) and fzo-1(tm1133) alleles were generated by Dr. Shohei Mitani with the Japanese Bioresource Project, and the eat-3(ad426) strain was created by Dr. Leon Avery. Strains were obtained from the C. elegans Genetics Center (University of Minnesota), and Dr. Alex van der Bliek (University of California at Los Angeles) generously provided several of the mutants as backcrossed strains.
Strains expressing the pH-sensitive green fluorescent protein (GFP) variant pHluorin or the mitochondria targeted redox sensor roGFP (21) have been previously described (26) . Biosensors were crossed into mutant strains using standard mating techniques. For nhx-4 crosses, single-worm genomic PCR was used to discriminate between the wild-type and mutant alleles with primers designed and annotated by the C. elegans Gene Knockout Consortium.
The strains used in this work are N2-Bristol; KWN26 pha-1(e2123ts)III, rnyEx006 [pIA5-nhx-2 (Pnhx-2::pHluorin), pCL1 (pha-
Tissue culture. Clone 9 rat liver cells were maintained in F-12K medium (GIBCO) containing phenol red, 2.5% sodium bicarbonate, 10% FBS (Atlanta Biologicals), and 1ϫ penicillin-streptomycin. For experiments, the cells were diluted and transferred to 6-well tissue culture dishes containing 12-mm acid-washed glass coverslips and grown to 70 -80% confluence, followed by transfection with scrambled or Opa1 short interfering (si)RNA (Integrated DNA Technologies) using Oligofectamine reagent (Invitrogen). After 2 days of exposure to Opa1 siRNA, one of the coverslips was treated with MitoTracker red CMXRos (Invitrogen) to confirm mitochondrial fragmentation.
AP-1 cells, a Chinese hamster ovary cell line lacking endogenous NHE activity, were maintained in DMEM-F12 (1:1; GIBCO) containing phenol red, 10% FBS (Atlanta Biologicals), and 1ϫ penicillinstreptomycin. Cells were cultured as described above and transfected with an NHX-4 V5 epitope-tagged transgene (p3Dnhx-4a) and CD8 as a comarker (pID3-CD8 vector at 1:5) using Lipofectamine LTX reagent (Invitrogen). After 24 h, Na ϩ /H ϩ exchange activity was measured in anti-CD8 bead (Dynal Biotech)-reactive cells as detailed below.
pH and redox imaging in C. elegans. Transgenic nematodes were imaged live and unrestrained on a 60-mm nematode growth medium (NGM)-agarose plate lightly seeded with OP50 bacteria via a high-NA ϫ20 Nikon Plan Apo objective with fluorescent emissions monitored at 535 nm following high-speed dual excitation at 410 and 470 nm. Illumination was provided by a Polychrome V monochromator (TILL Photonics, Munich, Germany) rigged to a Nikon Eclipse TE2000-S inverted microscope equipped with a high-speed chargecoupled device camera (Cooke, Kelheim, Germany). To generate absolute pH values, the ratio of emission values was plotted against an in situ high K ϩ -nigericin calibration curve as described previously (52) . The redox status was presented as a ratio that was normalized to untreated wild-type N2 controls. Ten to 30 hermaphrodite nematodes were imaged per experiment.
Measurements of acid-base transport activity. To measure pH i, cells were loaded with the pH-sensitive vital dye BCECF-AM (2 M final) for 15 min in the physiological saline solution MEH containing (in mM) 135 NaCl, 5.4 KCl, 0.4 KH 2PO4, 0.33 NaH2PO4, 10 glucose, 20 HEPES, 1.2 CaCl 2, and 0.8 MgSO4, with pH adjusted to 7.4 with Tris base. The cells were then placed into a perfusion chamber containing MEH under a high-NA ϫ10 air objective on the imaging rig described above. Sequential 10-ms exposures were obtained at 490-and 440-nm excitation wavelengths, and the ratio of emissions at 535 nm was converted to pH via a high K ϩ -nigericin calibration curve (52) .
To measure NHE activity, an ammonium prepulse technique was used. Briefly, cells were exposed to MEH containing 30 mM NH 4 ϩ for 15 min and then to Na ϩ -free MEH containing 135 mM N-methyl-Dglucamine (NMDG) for 5 min. Subsequent exposure to MEH allowed pHi recovery to occur through Na ϩ /H ϩ exchange activity, which was confirmed by its 5-ethylisopropyl amiloride (EIPA) sensitivity. The rate of NHE activity was calculated at pH 6.5 using linear regression of a plot of pH vs. change in pH (⌬pH) during the initial recovery.
For NBC activity, Na ϩ -dependent pH recovery from respiratory acidosis was measured in HCO 3 Ϫ -buffered solution in the presence of EIPA to inhibit NHE activity. For AE activity, the rate of alkalinization on removal of Cl Ϫ from HCO 3 Ϫ -buffered solution was measured. All HCO 3 Ϫ buffers contained (in mM) 133. Ϫ , 0.6 sulfate, and 0.001 EIPA. Na ϩ was substituted with a combination of NMDG and choline salts, and Cl Ϫ was substituted with gluconate salts where stated. All solutions were isotonically balanced and were bubbled with 5% CO2 to a pH of ϳ7.4 just before use. A microelectrode was used to confirm that the pH of the buffer in the chamber remained at 7.4 during perfusion. Rates were calculated from linear regression of a plot of pH vs. time during the initial recovery.
Confocal microscopy. Confocal micrographs were taken on an Olympus IX81 inverted laser scanning confocal microscope. Images were taken using a ϫ100 oil objective. Z stacks ranging from 5-30 slices were taken for each specimen examined. Olympus FluoView1000 software was used to predict optimal slice thickness and for post hoc image processing and analysis.
Antioxidant supplementation. Worms were grown on NGM plates containing 5 mM 2,2,6,6,-tetramethypiperidine-N-oxyl-4-ol (TEMPOL) or 50 M (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride (mito-TEMPO). Animals were transferred to plates as L3 larvae. Subsequently, pH measurements were made in their progeny when they reached the L3 larval stage as described. Similarly, siRNA-treated Clone 9 rat liver cells (24 h posttransfection) were treated with 50 or 500 M mito-TEMPOconditioned antibiotic-free medium for 24 h. nhx-4-transfected AP-1 cells (4 h posttransfection) were treated with 500 M mito-TEMPOconditioned antibiotic-free medium for 20 h.
Western blotting and immunohistochemistry. Western blotting was performed on scrambled control and Opa1 siRNA-treated cells 48 h after transfection as described. Cells were removed from culture dishes by mechanical disruption following 5 min of treatment with Dulbecco's PBS, transferred to a 10-ml conical tube, and spun at 1,000 g for 3 min, after which the supernatant was removed. Before gel loading, the protein concentration of the cell pellets was measured using a Lowry assay. Samples were then resuspended in 2ϫ Laemmli loading buffer containing ␤-mercaptoethanol and boiled for 5 min before loading. Samples were separated on a 15% acrylamide gel for 2 h, after which the protein content of the gel was transferred to a nitrocellulose membrane using a Bio-Rad semidry transfer apparatus. After transfer, total protein concentration was determined via Ponceau staining for normalization. The membrane was then washed with water several times to remove Ponceau from the membrane and blocked overnight at 4°C in 5% nonfat dry milk in Tween-buffered saline containing 0.1% Triton X-100 (TBS/T). The membrane was then incubated with a rabbit-anti-OPA1 polyclonal antibody (Novus) diluted at 1:5,000 in blocking buffer and incubated at room temperature for 2 h. After three 5-min washes with TBS/T, a peroxidaseconjugated goat anti-rabbit secondary antibody (GE Pharmaceuticals) was added and incubated for 1 h at room temperature to detect OPA1 protein levels.
RESULTS

Oxidative stress causes cellular acidification in C. elegans.
pH homeostasis is a complex process that results from balancing the activities of membrane acid loaders and acid extruders with acid production, from sources such as catabolic processes, with intracellular buffering capacity opposing changes in pH. Previously, we demonstrated that the loss of IMM fusion results in acidification that can be suppressed by antioxidant treatment, suggesting that fragmentation in this context leads to oxidative stress, which then leads to acidosis. Here, we sought to determine whether oxidative stress itself is sufficient to cause acidification. Precedent for this idea came from observations that treating cultured mammalian cells with chemical oxidants such as H 2 O 2 significantly reduced their ability to recover from an acid load (1, 11, 29) .
To determine if worms are similarly susceptible to oxidative stress-induced acidification, animals were grown on medium containing the oxidative compound tBOOH for a period of 24 h. The pH i of both the intestinal cells and the body wall muscle were then measured using a genetically encoded pH biosensor termed pHluorin (3, 26, 34, 42) . We asked first whether pHluorin was intrinsically sensitive to tBOOH by transfecting a pHluorin cDNA into mammalian cells in culture, clamping the cell pH i to 7.4 by the addition of a high-K ϩ buffer containing the K ϩ /H ϩ ionophore nigericin, measuring the fluorescence dual-excitation ratio of pHluorin, and then adding 1 mM tBOOH and performing the same measurements after a period of 10 min. Under these conditions, the apparent pH i as measured by pHluorin was 7.36 (Ϯ0.04) before the addition of tBOOH and 7.39 (Ϯ0.04) after the addition of tBOOH. This result suggests that acute oxidative stress does not change the basic spectral properties of our biosensor.
In worms, tBOOH significantly reduced pH i in both the intestine and muscle cells (Fig. 1A ) without causing increased mortality (data not shown). To determine whether this acidification was additive to that observed following loss of IMM fusion, tBOOH was applied to an eat-3 mutant strain that we had previously shown has fragmentation-induced acidification (26) . Unfortunately, these worms exhibited high levels of larval arrest and death (data not shown), likely due to a heightened susceptibility to oxidative stress (28) . To what extent the combined phenotype was due to acidosis, however, remains unclear. t-butyl hydroperoxide (tBOOH) for 24 h. After treatment, cytoplasmic intracellular pH (pHi) measurements were made in the cells of the intestine and body wall muscles of freely moving transgenic worms expressing the genetically encoded fluorescent pH sensor pHluorin, as described. B and C: wild-type (control) and eat-3 mutant worms were treated with the primarily cytosolic antioxidant TEMPOL (B) or the mitochondria-specific antioxidant mito-TEMPO (C) for 1 generation, and pHi was measured in the body wall muscles. D: mitochondrial redox status was measured in the body wall muscles of transgenic worms expressing the genetically encoded fluorescent redox sensor roGFP. The mitochondria-specific antioxidant mito-TEMPO significantly reduced the oxidation observed in eat-3(ad426) mutant worms. *P Ͻ 0.01, treated vs. untreated samples. For redox and pHi measurements, values are means Ϯ SE for 3 trials (n ϭ 10 -25 worms per trial).
ROS scavenging suppresses acidification in a mitochondrial fusion mutant. Because we were unable to determine whether mitochondrial fragmentation and exogenous oxidative stress were additive with respect to acidification, we asked instead whether acidosis could be suppressed by antioxidant treatment, as was suggested initially, using either NAC or catalase overexpression (26) . Wild-type and mutant worms were grown on plates supplemented with the antioxidant compound TEMPOL, which has been used previously to relieve oxidative stressinduced pathologies (18, 19, 48) . Worms were placed on growth medium containing 5 mM TEMPOL as L3 larvae and allowed to grow into adulthood. Intracellular pH was measured in the body wall muscles of the resulting progeny at the L3 stage of development and compared with that of mutant worms grown in the absence of the compound. Figure 1B clearly demonstrates that the body wall muscles of eat-3 mutant worms grown in the presence of TEMPOL were less acidified than those of worms grown under control conditions, suggesting that the detoxification of cytosolic ROS is sufficient to attenuate acidification. In addition, it can be seen that TEMPOL does not alter the pH i of control worms, confirming that the compound does not affect pH i under normal physiological conditions. However, exposure to TEMPOL is insufficient to reverse the oxidation of the mitochondrial matrix observed in the eat-3 mutant animals (data not shown). This is not surprising, since it has been demonstrated that TEMPOL partitions to a much greater extent in the cytosol than in intracellular compartments such as the mitochondria (53) .
The mitochondrial redox environment has been shown to be more highly oxidized in eat-3 mutants (26), suggesting that mitochondria may be the primary source of oxidative stress. Hence, we employed a TEMPOL derivative, mito-TEMPO, which is targeted to the mitochondria via a triphenylphosphoium moiety (14) , and asked whether reducing mitochondrial oxidative stress was sufficient to suppress acidification. Control and eat-3 mutant worms were grown in either the presence or absence of mito-TEMPO, and pH i was measured in the body wall muscles of the F1 generation. The results of this experiment indicate that like TEMPOL, mito-TEMPO was able to significantly relieve the acidification normally seen in eat-3 mutant animals (Fig. 1C) . Furthermore, when the mitochondrial redox status of control and mutant worms was examined, it was found that mito-TEMPO significantly reduced the redox environment in the matrices of eat-3 mutant mitochondria, as well (Fig. 1D ). These data demonstrate that specifically relieving mitochondrial oxidative stress is sufficient to prevent the acidification caused by eat-3 mutations. This result also supports the hypothesis that the altered redox status of eat-3 mutant mitochondria is the result of ROS overproduction. However, ROS measurements made using the fluorescent H 2 O 2 -sensitive dye dichlorofluorescein (DCF), which has been employed previously in worms (51), as well as measurements of cytosolic redox status using a genetic biosensor, suggested that wholesale ROS is not increased by loss of IMM fusion (data not shown). This is consistent with the idea that a signaling axis exists whose source is mitochondrial ROS and whose ultimate output is pH balance. With this in mind, we next sought to identify molecular targets whose activities would fit into this scheme.
Oxidative stress, mitochondrial fragmentation, and acidbase transporters: HCO 3 Ϫ transporters. Physiological acidbase homeostasis is maintained through a concerted effort among multiple classes of ion transport proteins that allow the movement of acid-base equivalents across the membrane. These proteins can act as either acid loaders or acid extruders depending on their electrolyte specificity and the direction of ion movement. In addition to protons (H ϩ ) and hydroxyl ions (OH Ϫ ), bicarbonate (HCO 3
Ϫ
) represents an important component of the pH regulatory system and is transported by several classes of proteins (for review, see Ref. 7). In the following sets of experiments, we measured how acute exogenous oxidative stress regulates NBC and AE activities in rat liver Clone 9 cells in culture. Mitochondrial fragmentation in this cell culture model has been shown to cause significant intracellular acidosis (26) . All of the rate data from the physiological experiments are summarized in Table 1 .
NBC activity was monitored using the pH-sensitive vital dye BCECF-AM by measuring the rate of Na ϩ -dependent pH i recovery after HCO 3 Ϫ -induced acidification ( Fig. 2A) . EIPA, a specific inhibitor of NHE activity, was included to eliminate NBC-independent recovery. Clone 9 cells were subjected to oxidative stress by applying three types of exogenous ROSproducing compounds. H 2 O 2 and its more stable derivative, tBOOH, are substrates for catalase, whereas paraquat is thought to affect redox cycling and may be a superoxide generator. These applications were acute, with measurements being made within minutes of exposure. NBC activity was generally reduced by oxidative stress, although the effect of paraquat did not reach statistical significance (Table 1 and Fig.  2B ). Because NBCs are in most cases acid extruders, reducing NBC activity would be expected to contribute to cellular acidification.
Having established the precedent that NBC activity could be reduced by exogenous oxidative stress, we next asked whether NBC activity was reduced specifically by mitochondrial fragmentation. Clone 9 cells were treated with either Opa1 or scrambled siRNA, and the efficacy of Opa1 siRNA targeting was assessed by immunoblotting. On average, OPA1 protein levels were reduced ϳ35% by siRNA treatment (Fig. 2C) . Fluorescent images of mitochondria from Opa1 siRNA-transfected cells labeled with MitoTracker red CMXRos indicate that this reduction in OPA1 protein was sufficient to cause fragmentation (Fig. 2D ). More importantly, this level of knockdown and the resulting fragmentation of the mitochondrial network have been previously shown to result in cellular acidification (26) . It is not surprising that incomplete knockdown of OPA1 is enough to trigger fragmentation, since dominant optic atrophy, which results from mutation of Opa1 in humans, is a disease caused by haploinsufficiency (31) . However, the results of these experiments clearly do not support a role for reduced NBC activity in contributing to fragmentation-induced acidosis (Fig. 2E) . Undoubtedly, oxidative stress responses involve multiple signaling pathways, and our results suggest that a blanket application of reactive species may not recapitulate endogenous signaling cascades, particularly as regards localized ROS production such as we posit occurs during mitochondrial fragmentation.
A similar tactic was applied to measure AE regulation by oxidative stress as described above, with the caveat that Cl used to elicit activity. The resulting exchange of intracellular Cl Ϫ for extracellular HCO 3 Ϫ caused a cellular alkalinization whose rate was reflective of AE activity (Fig. 3A ). Our data demonstrate that acute treatment with paraquat increased AE activity by nearly 75% on average, although the P value did not quite reach significance (Fig. 3B) . Because AE family transporters are acid loaders, this regulation by oxidative stress would be predicted to drive cellular acidification. However, as was the case with NBC activity, OPA1 knockdown did not increase the rate of Cl Ϫ /HCO 3 Ϫ exchange relative to the untreated cells (Fig. 3C) , and hence some other mechanism must contribute to the disruption in pH homeostasis.
Oxidative stress, mitochondrial fragmentation, and acidbase transporters: Na
ϩ /H ϩ exchangers. In mammalian cells, exposure to oxidants such as H 2 O 2 has been shown to cause cellular acidification by inhibiting the activity of the ubiquitous Na ϩ /H ϩ exchanger NHE1 (15, 33, 47) . To assess NHE activity in Clone 9 cells and its potential regulation by oxidative stress, an ammonium prepulse was used to trigger transient acidification and the rate of EIPA-sensitive, Na ϩ -dependent recovery from this acid load was measured (Fig. 4A) . As was the case for NBC activity, acute oxidative stress generally reduced NHE activity (Fig. 4B) , which would favor acidification. In contrast to the results with NBC and AE activities, however, we found ajpcell.physiology.org that knockdown of OPA1 significantly reduced NHE activity relative to cells treated with scrambled control siRNA (Fig. 4C) .
However, transfection of the scrambled siRNA was not without effect, and NHE activity was reduced somewhat in these cells relative to nontransfected cells (Fig. 4, B and C) . There are several potential mechanisms that could account for this. First, nonspecific effects of siRNA have been noted previously and may occur through stimulation of innate immune pathways (27) . Alternatively, it has been shown that treating cells with cationic lipids, such as occurs during transfection, leads to increases in ROS production (50) . Support for this latter mechanism comes from data indicating that exposure to a low level of mito-TEMPO relieved the nonspecific siRNAmediated suppression of NHE activity (Fig. 4C ). Under these same conditions, however, the Opa1 siRNA-treated cells were still relatively acidified relative to the scrambled control cells. However, when treated with high levels of mito-TEMPO, the scrambled control and Opa1 siRNA treated cells exhibited virtually identical levels of NHE activity (Fig. 4C) . We interpret this dose dependence as reflecting two signaling pathways that operate through ROS, and we conclude that ROS produced by mitochondrial fragmentation can regulate NHE activity but that NHEs are also sensitive to oxidative stress produced by transfection with cationic lipids.
Acidification in a mitochondrial fusion mutant is not solely a consequence of inhibiting the C. elegans ubiquitous Na
ϩ /H ϩ exchanger NHX-4. C. elegans possess a nine-member family of Na ϩ /H ϩ exchangers, the NHXs (NHX-1-9) (35). The nhx genes are generally expressed in a limited set of cells suggestive of tissue-specific roles. This is exemplified by NHX-7, whose expression is restricted to the posterior cells of the intestine where intestinal calcium signaling triggers it to secrete protons, signaling the overlying posterior body wall muscles to contract (42) . In contrast, NHX-4 is expressed throughout the soma (35) and may be an ortholog of the ubiquitous mammalian NHE1 isozyme. The broad expression of nhx-4 would appear to position it to respond appropriately to mitochondrial fragmentation, as mitochondria are present in all cells, and we have demonstrated that fragmentation of the mitochondrial network results in acidification of epithelial cells, muscle, and neurons in worms (26) . A series of reasonable questions to ask, then, is whether NHX-4 also has a housekeeping function in maintaining pH homeostasis, and if so, whether NHX-4 transporter activity is regulated by ROS and whether this regulation of NHX-4 might contribute to acidification following mitochondrial fragmentation in worms.
To answer the latter question, a transgene containing the nhx-4 cDNA was expressed in AP-1 cells, which lack endogenous Na ϩ /H ϩ exchange activity (43) . After acidification via an ammonium prepulse, cells transfected with the nhx-4 transgene exhibited Na ϩ -dependent pH i recovery (Fig. 5A) . To explore the sensitivity of NHX-4 to oxidative stress, either 50 M H 2 O 2 or 1 mM tBOOH was added before and during the recovery period. The resulting data suggested that NHX-4 in this context was not particularly sensitive to oxidative stress (Fig. 5A) . In addition, NHE activity in NHX-4-expressing cells treated with mito-TEMPO was nearly indistinguishable from Rates of intracellular pH change (dpHi/dt) are means Ϯ SE for n trials (in parentheses). Each rate trial (n) is an average of 20 -25 individual cells collected from a single field of view. The rate of NHX-4 activity was measured in transiently transfected AP-1 cells, and all other measurements were made in rat liver Clone 9 cells. Na ϩ /H ϩ exchange rates (ϫ10) were calculated using linear regression of a plot of pH vs. ⌬pH to determine the rate at pH 6.5. Na ϩ /HCO 3 Ϫ cotransport rates (ϫ10) were calculated using a linear regression fit to the first minute of recovery. Cl Ϫ /HCO 3 Ϫ exchange rates (ϫ10) were calculated using a linear regression fit to the first 3 min of recovery. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 vs. control (using t-test). EIPA and Opa1 siRNA are compared with scrambled siRNA control. Control EIPA concentration was 1 M. Mito-TEMPO concentration was 50 or 500 M, as noted. Acute concentrations were 50 M H2O2, 100 M paraquat, and 1 mM tBOOH added 20 min before recovery. n.d., Not determined. §Note that the EIPA rate (ϫ10) is represented as the average instantaneous change in pHi during the first minute of recovery, since the best fit line method cannot be applied when the slope is zero. that in untreated cells, suggesting that the cells are not under endogenous oxidative stress. Despite this finding, it remained possible that NHX-4 could respond to stress signaling that occurs as a result of mitochondrial fragmentation in a more native context.
To directly assess the role of NHX-4 in maintaining pH homeostasis in worms, an nhx-4 mutant allele (ok668) was obtained from the C. elegans Gene Knockout Consortium. The pH biosensor pHluorin was expressed in the body wall muscle of the nhx-4 mutant via the myo-3 promoter, and pH measurements were made in live, unrestrained worms expressing the biosensor. The results indicated that the pH i of body wall muscle in the nhx-4(ok668) mutant was slightly reduced compared with that of control wild-type worms. Although this change was small, it was also statistically significant, supporting a role for NHX-4 in maintaining pH homeostasis. However, the degree of acidification was not as severe as that observed in the eat-3(ad426) mutant (Fig. 5B) , leading us to conclude that any potential reduction in NHX-4 activity was not sufficient to explain the cellular acidosis observed with mitochondrial fragmentation. Moreover, the body wall muscle pH in a mutant strain lacking both nhx-4 and eat-3 was nearly identical to that of the eat-3(ad426) mutant alone (Fig. 5B) . Together, these results suggest that mitochondrial fragmentation in worms is likely to involve coordinate regulation of multiple acid-base transporters.
DISCUSSION
Mitochondrial fragmentation caused by a loss of IMM fusion has been shown to result in a lactate-independent cellular acidification that is partly suppressed by NAC, an antioxidant, as well as the presence of a more highly oxidized mitochondrial matrix (26) . In addition, previous evidence has demonstrated that worms lacking the ability to fuse their IMM exhibit increased vulnerability to oxidative stress itself (28) . Together, these studies led us to postulate that loss of IMM fusion and the resulting mitochondrial fragmentation may result in oxidative signaling mechanisms that regulate acid-base transport proteins that are necessary to maintain pH homeostasis. In fact, there has recently been increased interest in the role of proton handling in many types of cancers, and cancerous cells appear to express specific gene products that facilitate growth under acidotic conditions (for review see Refs. 9, 37). Because mitochondrial dysfunction has been implicated in a variety of disease pathologies, and the loss of IMM fusion is associated specifically with certain types of diseases, alteration in pH homeostasis may also contribute to mitochondrial disease etiology.
In addition to demonstrating that oxidative stress can induce acidification in the worm model, we went on to show that the application of an antioxidant with superoxide and alkyl scavenging properties could reduce the extent of acidification associated with mitochondrial fragmentation. These data demonstrate the causality of ROS for acidification. Perhaps the most intriguing aspect of this work, however, is the finding that mitochondrial fragmentation regulates membrane acid-base transporters and, in the case of NHEs, that scavenging mitochondrial ROS suppresses this mode of regulation. Within that context, it was particularly interesting to discover that the fusion mutant did not produce more global ROS as detected by DCF staining (data not shown). This observation, combined with the fact that cytoplasmic ROS scavenging partially suppressed acidification even though it did not restore redox balance in the mitochondria, suggested that localized, rather than global increases in ROS form the core of this signaling axis between the mitochondria and acid-base transporters. Perhaps this is not surprising, since global increases in cellular ROS would likely have severe negative consequences to cellular health and would lead to activation of oxidative stress response pathways, as well; moreover, specific and localized ROS-based communication between the mitochondria and other cellular compartments is not unprecedented. For example, the proapoptotic protein p66
Shc uses an ROS-based mechanism to promote cell death by upregulating superoxide production (38) . In response to proapoptotic cues, p66
Shc is activated and oxidizes cytochrome c within the mitochondria, leading to an increase in H 2 O 2 , which then acts as an intracellular messenger between the mitochondrion and nucleus. Once inside the nucleus, the H 2 O 2 promotes Akt-based inhibition of FOXO3, preventing the activation of various oxidative stress response genes promoting ROS-based apoptosis (36) . In addition, NADPH oxidases (NOX) promote ROS formation that triggers the activation of specific signaling cascades, including the cytokine-dependent activation of NF-B and the activation of hypoxic response pathways via Ras/ERK, JNK, Akt, and possibly p38/MAPK (10, 17, 40, 56) .
In an attempt to tie mitochondrial ROS to transporter regulation, we applied several types of compounds to elicit global oxidative stress and examined acute regulation of three types of acid-base transporter activities. Although mitochondria generate superoxide, the activity of SOD rapidly converts superoxide to H 2 O 2 , which is membrane permeable and can diffuse into the cytoplasm. Hence, we chose to examine H 2 O 2 , tBOOH (a more stable version of H 2 O 2 ), and paraquat, which has been described as a superoxide generator. These compounds are likely to trigger endogenous signaling cascades that have been well described as being involved in oxidative stress responses, such as protection against infectious agents, initiation of transcriptional factors, and eliciting antitumorigenic responses by evoking cellular senescence or even apoptosis. Although characterizing the relevant molecular components of the oxidative signaling cascade is well beyond the scope of this work, we would like to emphasize that the mechanism of transporter regulation by mitochondrial fragmentation, while undoubtedly a result of ROS signaling, does not necessarily utilize the same signal transduction pathway as that triggered by global oxidative stress. In fact, it will be quite intriguing to figure out which stress signaling pathways respond to endogenous oxidative stress, because these are more likely to be critical for disease pathogenesis.
Our understanding of how signals derived from mitochondria are communicated through the cell is still evolving, but even under basal conditions mitochondria are the major source of ROS in the cell, and thus these signaling mechanisms are likely to be important under physiological as well as pathophysiological conditions. For example, recent evidence shows that mitochondria in all cell types spontaneously emit flashes of ROS that occur more frequently under certain pathological conditions, for instance, during ischemia reperfusion (55) . The mechanism by which the flashes occur appears to be linked to a transient opening of the mitochondrial permeability transition pore (mPTP) and is dependent on a functional electron transport chain.
Although our results clearly show that mitochondrial fragmentation can regulate transporter function, an epistasis analysis between the fusion mutant eat-3(ad426) and the ubiquitous Na ϩ /H ϩ exchanger mutant nhx-4(ok668) did not support the idea that oxidative stress could inhibit exchanger activity in a manner sufficient to explain the observed acidification. Instead, nhx-4 may act in a permissive fashion that requires the parallel inhibition of other acid-base transporters. Therefore, it would be useful to integrate our findings with studies of other worm acid-base transporters, including NBCs and AEs, to fully understand this model of regulation. It may be similarly compelling to utilize the power of the worm as a genetic model for interrogating molecular signaling components that regulate transport downstream of mitochondrial morphology or function. However, it is important to remember that although worm and mammalian models are remarkably similar in many respects, it is possible that fragmentation causes acidification through different mechanisms in each. Although we found no role for NHX-4 in fragmentation-induced acidification, it nevertheless would be interesting to ask how cells derived from an NHE1 knockout mouse (6) respond to mitochondrial fragmentation.
In summary, the loss of IMM fusion capability in worms causes cellular acidification that can be suppressed by treatment with both cytosolic and mitochondria-specific antioxidants, implicating ROS in the progression of the phenotype. In mammalian cells in culture, a similar loss of fusion capabilities significantly reduces NHE activity, and this can be alleviated through mitochondria-specific antioxidant treatment. In general, the response of mammalian acid-base transporters to oxidative stress appears to encourage acidification; that is, acid-loaders are stimulated and acid-extruders are inhibited. In fact, it is likely that signaling through multiple transporters contributes to acidification. Because not all cells express the same repertoire of transporters, the particulars of the signaling axis may depend on context and their relative importance for maintaining pH homeostasis in a given cell or organ. In addition, specific energy demands in various cell types or pathologies can further impact ROS production, which may make certain cell types more susceptible to pH dysregulation and exacerbate the progression of disease states. Consideration of these differences may be important for understanding how oxidative stress and/or mitochondrial dysfunction contribute to disease etiology. Together, the data described in this report present a strong case for the involvement of ROS in the acidification caused by the loss of IMM fusion in both worms and mammals. In particular, they support the role of intracellular acidification in the progression of diseases related to mitochondrial morphology such as CMT2A and ADOA.
